Objective: Overt hypothyroidism is associated with cognitive impairment, which can be reversed if treated early and appropriately. We compared cognitive function (CF) of euthyroid older adults with those who had long-term treated hypothyroidism. Methods: Between 1999 and 2003, the CF of 885 euthyroid and 149 hypothyroid-treated older adults (primary hypothyroidism after surgery or autoimmune thyroid disease) was assessed using three standardized CF tests: the modified mini-mental state examination, Trails B, and verbal fluency. Depressed mood was assessed using the Beck Depression Inventory (BDI). Only participants with thyroid stimulating hormone (TSH) in the normal range were included. Results: The treated hypothyroid group had been treated with L-thyroxine for an average of 20 years. Those with treated hypothyroidism were older than the euthyroid group (76.1G9.6 vs 73.6G10.2 years, PZ0.005) and were much more often women (81.6 vs 54.8%, P!0.001). TSH levels were similar between groups (median interquartile rangeZ1.57 (1.19) vs 1.54 (1.59) mIU/l, PZ0.81). Compared to euthyroid, the treated hypothyroidism group had more frequent antidepressant medication use (19.5 vs 8.5%, P!0.001) but similar BDI scores. Performance on the three CF tests did not differ by thyroid hormone treatment. Results were not changed after adjustment for age, sex, antidepressant medication use, exercise, and total cholesterol. Conclusion: Long-term treated hypothyroidism is not associated with impaired CF or depressed mood in old age. The lack of association with CF is reassuring with regard to long-term use of thyroid hormone therapy.
Introduction
Thyroid hormones play an important role in human brain function (1, 2) . Overt hypothyroidism is associated with impairment of cognitive function (CF) in several cognitive domains including attention and concentration, memory, perceptual and visuospatial function, language, and executive function (1, 3) . The effect of elevated thyroid stimulating hormone (TSH) and subclinical hypothyroidism treatment on CF and mood is less clear.
Previous studies of the association of elevated TSH (mostly subclinical hypothyroidism) with CF and mood are sparse and yield inconsistent results. In the Framingham study, euthyroid women in the highest tertiles of TSH level were at an increased risk of Alzheimer's disease as compared to those in the middle tertile (4) . However, no association was found in men. Two other studies of community-dwelling men and women aged 65 and older reported no association of TSH with CF (5-7). Previous reports that evaluated replacement treatment for subclinical hypothyroidism on CF and mood also yielded inconsistent results with both positive (8) (9) (10) and negative findings (11) .
Effects of replacement therapy with L-thyroxine (LT 4 ) in reversing CF impairment related to overt hypothyroidism have been previously evaluated in a few, mostly uncontrolled, studies (9, 10, 12) . Among 36 women with mild hypothyroidism, LT 4 treatment was associated with neuropsychological improvement (12) ; another study demonstrated improvement in quality of life and psychological symptoms in 43 hypothyroid subjects after treatment (10) . Also, experimental studies suggested LT 4 treatment reverses hypothyroidisminduced impairment of hippocampus-dependent cognition, probably by restoring levels of signaling molecules important for these processes (13) .
Although these studies suggested that CF impairment might be reversible with hypothyroidism treatment, the long-term effect of thyroid hormone treatment on CF and mood is still unknown. The aim of the present study is to examine whether long-term hypothyroidism treatment is associated with CF and mood impairment in old age. We compared the CF of community-dwelling euthyroid older adults with those who had long-term treated hypothyroidism (up to 83 years).
Material and methods

Study population
Participants in this study were members of the Rancho Bernardo Cohort, a southern California community of Caucasian adults established in 1972 (nZ6339). These individuals were initially enrolled in a study of heart disease risk factors as part of the Lipid Research Clinics Prevalence Program. The health of these participants has been followed ever since with periodic clinic visits and yearly mailed questionnaires. The details of the initial study have been previously described (14) . Between 1999 and 2003, 1141 participants attended a research visit and 1135 participants had sufficient blood obtained for TSH assays. At the same visit, CF and depressed mood were assessed. A total of 1034 individuals with TSH within the normal range were included in this analysis; 101 participants with TSH above or below the normal range and/or a history of thyroid disease without treatment were excluded. All participants provided written informed consent. The study protocol was approved by the Human Research Protection Program at the University of California, San Diego, La Jolla, CA, USA.
In this analysis, participants were classified into two groups as follows: the treated hypothyroid group included participants with a positive history of physician-diagnosed primary hypothyroidism (due to thyroid surgery or autoimmune disease) who were currently using LT 4 replacement monotherapy. The euthyroid group included participants without a history of physician-diagnosed thyroid disease and not using thyroid medication. Participants with a positive history of thyroid disease who were not using thyroid medication were excluded from this analysis (nZ24).
Data collection
Clinical and laboratory evaluation Clinical and laboratory data were assessed as previously described (15) . Education level, current cigarette smoking, alcohol intake (R3 times/week), and regular physical activity (exercise R3 times/week) were self-reported using standard questionnaires. Medication use was validated by a trained nurse who examined pills and prescriptions brought to the clinic for that purpose.
Morning fasting blood samples were collected after a 12-h fast. TSH was measured using high-sensitivity assay (normal range 0.49-4.67 mIU/l). Fasting total, high density lipoprotein (HDL), and low density lipoprotein (LDL) cholesterol and triglyceride levels were measured in a Center for Disease Control Certified Lipid Research Clinic Laboratory. Total cholesterol and triglyceride levels were measured by enzymatic techniques using an ABA-200 biochromatic analyser (Abbott Laboratories). HDL was measured after precipitation of the other lipoproteins with heparin and manganese chloride. LDL was estimated using the Friedewald formula. Plasma glucose levels were measured by the glucose oxidase method and serum creatinine by the Jaffe reaction method.
Outcomes CF was assessed by a trained interviewer using three standardized CF tests: modified mini-mental state examination (3MSE; 16, 17), Trail-Making Test part B (Trails B; 18), and verbal fluency (19) .
The 3MSE assesses orientation, registration, attention, calculation, language, and recall (16, 17) . It is considered superior to the older Mini-MSE in identifying probable dementia for all levels of cognitive impairment. 3MSE scores range from 0 to 100 with lower scores indicating poorer performance; a cut point of 78 was used to identify global cognitive impairment (17) .
The Trails B from the Halstead-Reitan Neuropsychological Test Battery tests visuomotor tracking and attention (18) . The participant scans a page continuously to identify numbers and letters in a specified sequence while shifting from number to letter sets. A maximum of 300 s is allowed. Performance is rated by the time required to finish the test; higher scores indicate poorer performance. Better performance on Trails B is significantly associated with the ability to perform instrumental activities of daily living in community-dwelling elderly (20) .
Category fluency assessed verbal memory by asking the participant to name as many animals as possible in 1 min (19) . The score is the number of animals named correctly, with lower scores indicating poorer performance.
Depressed mood was assessed using the Beck Depression Inventory (BDI) (21), a self-administered questionnaire consisting of 21 sets of items. For each set, participants were asked to choose the statement that best described their feelings. Scores are summed over the 21 items; higher scores indicate greater depressed mood; a score of 13 or higher suggests clinical depression.
Statistical analysis
In univariate analyses, clinical characteristics were compared by thyroid status using Student t-tests and c 2 analysis. Comparisons of adjusted mean scores on CF tests and BDI were examined with analysis of covariance. Covariates were chosen based on their univariate associations with the outcomes, clinical relevance, and the existence of differences between the groups on that variable as well as the results from previous studies of CF within this cohort. Initially ageadjusted comparisons were performed followed by multivariable modeling; the first model included age, sex, and antidepressant medication as covariates; the second model included BDI instead of antidepressant medication; the third model included age, sex, antidepressant medication, regular exercise, and total cholesterol.
The calculated power using PASS statistical software (NCSS, Kaysville, UT, USA) to detect a 0.5 S.D. difference in mean CF test scores between groups was O90% for each CF test. All analyses were performed using SPSS (version 13.1, SPSS, Inc., Chicago, IL, USA); P values (two-tailed) !0.05 were considered significant.
Results
A total of 1034 participants (mean age 73.9G10.1; 41.3% men) were included; 149 had treated primary hypothyroidism and 885 were euthyroid. The currently treated hypothyroid group had been treated with LT 4 for an average of 20 years; mean current LT 4 dosage was 1.4G0.8 mg/kg or 100G28 mcg. TSH levels were similar between groups (euthyroid: 1.57 (1.19) versus treated hypothyroidism: 1.54 (1.59) mIU/l, PZ0.81).
Those with treated hypothyroidism were older than the euthyroid group (76.1G9.6 vs 73.6G10.2 years, PZ0.005; Table 1 ), and more likely to be women (81.6 vs 54.8%, P!0.001). Compared to euthyroid participants, those in the treated hypothyroidism group reported less regular physical exercise (60.8 vs 71.9%, PZ0.006) and higher rates of antidepressant medication use (19.5 vs 8.5%, P!0.001). Education level (some from college onwards), alcohol intake (R3 times/week), and psychotropic medication intake did not differ significantly between groups.
Cognitive impairment (3MSE score !78) was present in 5.6% among treated hypothyroidism group versus 5.2% among euthyroid (PZ0.85). BDI, 3MSE, Trails B, and verbal fluency test scores were not significantly different between groups before and after adjusting for age and other covariates ( Table 2 ). The same pattern was observed in sex-stratified analysis. Further adjustments for HDL and fasting blood glucose did not change the results. Also, no differences in CF were observed when the hypothyroidism group was compared by tertiles of duration of LT 4 treatment (tertiles: !6 years, 6-27 years, O27 years); CF test scores were 3MSE: 91G1.8 vs 90G1.6 vs 89G1.7, P for trend 0.36; Trails B: 120G9.4 vs 120G8.3 vs 144G9, P for trend 0.06; and verbal fluency: 17G0.6 vs 18G0.6 vs 17G0.6, P for trend 0.80 for first, second, and third tertiles respectively. Repeating the analyses but including those with abnormal TSH (below or above the normal range) did not materially change the results. Also, in order to exclude individuals with possible nonthyroidal illness syndrome, further analysis was performed excluding individuals with chronic diseases (e.g. kidney disease, cancer, severe cardiovascular disease); the results did not change.
In further analysis, treated hypothyroidism participants were compared with an age-and sex-matched sample from the control group (1:4) on CF and risk factors after excluding participants taking antidepressant medication (nZ68). In this analysis, 452 participants were euthyroid (mean age 77.5G9.0 years; 77% women) and 113 had treated hypothyroidism (mean age 77.3G9.3 years; 81% women). Table 3 shows the CF and BDI scores among groups. There were no differences in both CF and BDI scores.
Discussion
In this large study, long-term treatment of hypothyroidism was not associated with impaired CF or depressed mood in old age. Also, the duration of LT 4 replacement therapy was not associated with worse CF performance.
The recommended treatment for primary hypothyroidism is oral LT 4 monotherapy in order to restore clinical euthyroidism and maintain normal levels of TSH (22) . Triiodothyronine (T 3 ) is the most active thyroid hormone, thus monotherapy with LT 4 assumes that peripheral conversion of T 4 into T 3 is able to restore the active hormone in target tissues (23) . The physiologic pattern of thyroid hormone action might raise concerns whether long-standing hormone replacement therapy with T 4 alone prevents impairment in CF.
The few previous studies examining CF in treated hypothyroid individuals have reported inconsistent results. Osterweil et al. demonstrated an improvement in CF after 5 months of treatment among 54 adults (average ageZ68 years) with hypothyroidism (24) . It was concluded that the deleterious effect of hypothyroidism was partly reversible compared with euthyroid controls, but long-term effects of treatment were not assessed (24) . A cross-sectional study reported lower levels of neuro CF and psychological well-being in 141 patients with T 4 -treated primary hypothyroidism for an average of 5.5 years, compared to a reference population (25) . Although this study has an adequate sample for CF analysis it lacked a control group and assessment for other known CF confounders. Similarly, another community-based study performed in the UK reported that patients on T 4 replacement displayed significant impairment in psychological well-being compared to controls of similar age and sex (26) . Recently, Samuels et al. reported a decrement in health status, psychological function, working memory, and motor learning in 34 treated hypothyroid subjects compared to 20 euthyroids aged 20-45 years with TSH within the normal range (27) .
The present study evaluated an elderly populationbased sample with long-term LT 4 treatment, and cannot be compared directly to other previous reports, which examined younger clinical samples for relatively short durations of treatment (5 months to 5.5 years). Additionally, the instruments used to assess CF limit comparisons.
Our study has several strengths. To our knowledge, this is the first report assessing the long-term effect of LT 4 treatment on CF in the elderly; a control group was available and most known covariates of CF could be taken into account in adjusted analysis. Also, the results were the same in an analysis of groups with similar age and gender prevalence.
This study is limited in that the majority of the Rancho Bernardo Study cohort is middle class with relatively high education levels; cognitive results might not generalize to other populations. This study is also limited in that only one measurement of TSH was available, pre-versus post-treatment data for participants using T 4 was not available, and there was no information on the duration of hypothyroidism before treatment was begun. Although T 4 hormone measurements were not obtained, TSH measurement is usually sufficient to assess the adequacy of current hypothyroidism treatment (22) . A major concern in older individuals is the co-existence of nonthyroidal illness syndrome, which is detected through measurement of T 3 and T 4 along with TSH. However, results of the present study were not altered after excluding individuals with chronic diseases, thus indicating the relatively small potential effect of the lack of T 3 and T 4 .
The CF tests used in the present study assess different cognitive domains and are well-validated and recognized tools for identifying CF impairment. However, these CF tests are not without limitations. For instance, none of these tests have higher sensitivity to evaluate small changes in working memory which may be impaired in hypothyroidism (28) . Furthermore, the 3MSE and Trails B may not be the most sensitive tests to identify minor CF impairment, which may obscure small differences between groups.
In conclusion, long-term treated hypothyroidism with LT 4 monotherapy was not associated with impaired CF or depressed mood in old age. These results are reassuring for the cognitive status of older adults after long-term use of LT 4 replacement therapy.
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